The Arabidopsis genome encodes one potential isopropylmalate isomerase (IPMI) large subunit and three potential IPMI small subunits, which in bacteria and archaea form heterodimers to catalyze the isomerization of 2-isopropylmalate to 3-isopropylmalate in leucine biosynthesis. We demonstrate here that AtLeuC physically interacts with AtLeuD proteins to form functional IPMIs. The IPMIs are localized to chloroplast stroma. Tissue-specifi c expression analysis revealed that the patterns of AtLeuD1 and AtLeuD2 expression are similar, but distinct from that of AtLeuD3 . This result indicates functional redundancy of AtLeuD1 and AtLeuD2 , and functional specifi cation of AtLeuD3 . Reverse genetics and metabolite profi ling showed that AtLeuD1 and AtLeuD2 function redundantly in aliphatic glucosinolate biosynthesis, but AtLeuD3 is not likely to be involved in this pathway. The lethal phenotype of the atleud3 mutant suggests functional specifi cation of AtLeuD3 in leucine biosynthesis. A defect in female gametophyte development was found to contribute to the mutant lethality, suggesting the important role of AtLeuD3 in female gametophyte development.
Introduction
Isopropylmalate isomerase (IPMI) is an enzyme that catalyzes the stereospecifi c isomerization of 2-isopropyl-L -malate ( α -isopropylmalate) to 3-isopropyl-L -malate ( β -isopropylmalate) via the formation of cis -dimethylcitraconate in leucine biosynthesis ( Drevland et al. 2007 ) . IPMIs have been identifi ed in several prokaryotic and eukaryotic organisms and have been classifi ed into two groups based on the forms of protein assembly ( Yasutake et al. 2004 ). Fungal IPMI is a monomeric protein with two distinct domains. In bacteria and archaea, the two domains are expressed as separate protein subunits to produce a heterodimeric enzyme, i.e. a small polypeptide interacts with a large Fe 4 S 4 -containing polypeptide to form an active enzyme ( Yasutake et al. 2004 , Drevland et al. 2007 ). All the IPMIs are conserved and belong to the aconitase superfamily.
In Arabidopsis, one gene sequence ( AtLeuC /At4g13430) was found with high similarity to sequences encoding the large subunit (LSU) of IPMI and three gene sequences ( AtLeuD1 / At2g43100, AtLeuD2 /At3g58990 and AtLeuD3 /At2g43090) with high similarity to sequences encoding the small subunit (SSU) of IPMI in bacteria and archaea. Recently, the large subunit AtLeuC has been identifi ed to be involved in both the methionine chain elongation pathway of glucosinolate formation and leucine biosynthesis ( Knill et al. 2009 , Sawada et al. 2009 ). However, the specifi c function of each small subunit has not been characterized. It should be noted that AtLeuC, AtLeuD1, AtLeuD2 and AtLeuD3 used here correlate with LSU1, SSU2, SSU3 and SSU1, respectively, in the paper of Knill et al. (2009) . In this study, we demonstrate that AtLeuD1 and AtLeuD2 are functionally redundant in the methionine chain elongation pathway of aliphatic glucosinolate biosynthesis, and AtLeuD3 is important in leucine biosynthesis. Such functional specifi cation is supported by several lines of evidence. (i) AtLeuD1 and AtLeuD2 showed an overlapping tissuespecifi c expression pattern, which was distinct from that of AtLeuD3 . (ii) Simultaneous disruption of AtLeuD1 and AtLeuD2 caused signifi cant changes in glucosinolate profi les. Simultaneous down-regulation of AtLeuD3 did not show additive effect on glucosinolate levels. (iii) In addition to AtLeuD1 and AtLeuD2 , AtLeuD3 was able to rescue the growth of the auxotrophic Escherichia coli leuC and leuD mutants after forming a heterodimer with the large subunit. Direct interaction between AtLeuC and AtLeuDs was revealed by co-immunoprecipitation. (iv) No homozygous knockout mutants of AtLeuD3 could be obtained and female gametophyte development contributed to the mutant lethality. These results suggest that AtLeuD3 plays an essential role in leucine biosynthesis and female gametophyte development.
Results

Functional complementation of E. coli leucine auxotrophs
Bioinformatic analysis has shown that the Arabidopsis genome encodes four putative IPMI genes, a large subunit ( AtLeuC ) and three small subunits ( AtLeuDs ) ( Binder et al. 2007 , Hirai et al. 2007 , Sawada et al. 2009 ). To test whether these are indeed IPMI genes, the auxotrophic E. coli mutants CV522 ( ∆ LeuC ) and CV524 ( ∆ LeuD ) were transformed with the following bacterial expression vectors: empty vector control (CDFDuetempty), AtLeuC (CDFDuet-AtLeuC ), individual AtLeuD genes (CDFDuet-AtLeuD1 , CDFDuet-AtLeuD2 and CDFDuet-AtLeuD3 ) and the combination of AtLeuC with one of the AtLeuD genes (CDFDuet-AtLeuC / AtLeuD1 , CDFDuet-AtLeuC / AtLeuD2 and CDFDuet-AtLeuC / AtLeuD3 ). The expression of the corresponding genes was confi rmed by Western analysis ( Fig. 1 ) . The constructs that produce functional IPMIs were expected to complement the E. coli mutations by restoring the ability of the mutants to grow on minimal medium without supplemental leucine. Interestingly, complementation of the leuC mutant or leuD mutant on the minimal medium was only observed with the constructs containing AtLeuC and one of AtLeuD genes. Neither AtLeuC itself nor any of the AtLeuD genes alone was able to complement the E. coli mutants ( Fig. 1 ). These data suggest that AtLeuC and one of the AtLeuDs can produce functional IPMI in E. coli , but they cannot form a functional enzyme with the E. coli LeuD or LeuC subunit ( Xu et al. 2004 ) . 
Physical association of AtLeuC with AtLeuDs in planta
To investigate potential interaction between AtLeuC and AtLeuD proteins in planta, we constructed a chimeric gene using the AtLeuC native promoter to drive expression of the full-length AtLeuC protein with a Flag-tag at the C-terminus. The chimeric gene was transformed into an atleuc mutant ( Supplementary Fig. S1 ). The glucosinolate profi le of the atleuc mutant ( Knill et al. 2009 ) ( Supplementary Fig. S2 ) was completely rescued in the AtLeuC Flag transgenic lines, suggesting that the introduced AtLeuC FLAG protein was functional. It also confi rmed the role of AtLeuC in glucosinolate biosynthesis.
To examine whether the AtLeuC FLAG fusion protein interacts with AtLeuDs in vivo, monoclonal anti-Flag antibody was used to precipitate the AtLeuC FLAG fusion protein from the AtLeuC Flag transgenic plants. As shown in Fig. 2 , immunoprecipitation of AtLeuC FLAG readily pulled-down endogenous AtLeuDs. A polyclonal anti-AtLeuD antibody that recognizes all three AtLeuDs ( Supplementary Fig. S3 ) was used to detect endogenous AtLeuDs. To corroborate the result of physical association of AtLeuC with AtLeuDs, a reciprocal immunoprecipitation experiment was conducted. The polyclonal antiAtLeuD antibody was used to precipitate the AtLeuDs from the AtLeuC Flag transgenic plants. As expected, the antibody not only immunoprecipitated AtLeuDs, but also specifi cally pulleddown AtLeuC FLAG ( Fig. 2 ) . These results clearly demonstrate the existence of IPMI complexes in planta.
Localization of IPMI complexes to chloroplast stroma
Since leucine biosynthesis and methionine chain elongation take place in chloroplasts ( Falk et al. 2004 , Binder et al. 2007 , Textor et al. 2007 , Knill et al. 2008 , He et al. 2009 ), it is reasonable to expect that the IPMIs are localized in this organelle. In fact, AtLeuD1-green fl uorescent protien (GFP) fusion protein was detected in the chloroplasts ( Knill et al. 2009 ). To determine the specifi c suborganelle localization of AtLeuC and AtLeuDs, intact chloroplasts were isolated from the AtLeuC FLAG transgenic plants and fractionated into stroma and thylakoid/envelope membrane. Proteins from different fractions were subjected to Western analysis using anti-Flag antibody, anti-AtLeuD antibody, an antibody against a thylakoid luminal extrinsic subunit of PSII PsbO ( Haussuhl et al. 2001 ) and an antibody against Rubisco large subunit RbcL ( Weigel et al. 2003 ) . As shown in Fig. 3 , the signals of AtLeuC and AtLeuDs were readily detected in the intact chloroplasts and the stroma fraction. No positive signal could be observed in the thylakoid/envelope fraction. These results demonstrate that the Arabidopsis IPMI complexes are localized in chloroplast stroma.
Temporal and spatial expression of AtLeuC and AtLeuD genes
To investigate tissue-specifi c expression of AtLeuC , we generated transgenic Arabidopsis plants expressing AtLeuC promoter-β -glucuronidase (GUS). Of 12 independent Pro AtLeuC ::GUS transgenic lines selected, all displayed similar patterns of GUS expression. Strong GUS expression was observed in roots, hypocotyls and cotyledons at 3 d after germination ( Fig. 4 ) . Twelve days after germination, intense GUS stain was detected in roots and newly emerged leaves. At the rosette stage, GUS activity was predominantly present in the main veins of leaves. At the fl owering stage, GUS activity was high in all fl oral tissues including sepal, stamen, pistil as well as pollen grains, but it was only present at both ends of developing siliques ( Fig. 4 ) . The expression pattern of AtLeuC was further confi rmed by semi-quantitative reverse transcription-PCR (RT-PCR) with total RNA extracted from various wild-type tissues. AtLeuC was constitutively expressed in all the tissues examined, with high expression in roots, leaves, stems and fl owers, but low expression in siliques ( Fig. 4 ) . The profi le correlated well with the above GUS data and exhibited the typical pattern observed for genes involved in aliphatic glucosinolate biosynthesis ( Chen et al. 2003 , Schuster et al. 2006 , He et al. 2009 ). Interestingly, AtLeuD1 and AtLeuD2 showed nearly identical expression patterns, with the highest levels in stems. However, AtLeuD3 exhibited a different expression pattern, with high expression in roots, leaves, fl owers and siliques. In general, these gene expression profi les are consistent with the Arabidopsis Microarray data publicly available at Genevestigator ( https:// www.genevestigator.ethz.ch/ ).
Redundancy of AtLeuD1 and AtLeuD2 in glucosinolate biosynthesis
To determine the biochemical function of AtLeuDs, we took the reverse genetics approach followed by metabolite profi ling. We have obtained a homozygous atleud1 mutant ( Fig. 5 ) . Because there were not any T-DNA mutants of AtLeuD2 available, RNA interference (RNAi) was used to suppress AtLeuD2 expression in the wild type and in the atleud1 mutant. A 239 bp coding sequence of AtLeuD2 was used to generate the AtLeuD2 -RNAi construct ( Fig. 5 ) . Twenty transgenic lines were chosen in each wild-type and atleud1 background. As shown in Fig. 5 , AtLeuD2 expression was remarkably decreased in the RNAi plants. In the wild-type background, we have obtained plants with reduced expression of AtLeuD2 and plants with reduced expression of all AtLeuD genes. In the atleud1 mutant, we have obtained plants with reduced expression of AtLeuD2 and plants with reduced expression of both AtLeuD2 and AtLeuD3 . These genetic materials are useful to dissect the specifi c functions of AtLeuD genes.
Glucosinolate profi les were determined in seeds and 4-weekold leaves of the above genetic materials. As shown in Fig. 6 , the glucosinolate profi les in the atleud1 mutant and AtLeuD2 -RNAi plants were indistinguishable from those of wild-type plants. However, in AtLeuD2 -RNAi/ atleud1 plants, the glucosinolate profi les changed substantially. There was a remarkable accumulation of 3C aliphatic glucosinolates and a signifi cant decrease of longer chain aliphatic glucosinolates. This indicates that AtLeuD1 and AtLeuD2 are functionally redundant in glucosinolate biosynthesis. In addition, AtLeuD3 did not appear to be involved in glucosinolate biosynthesis because co-suppression of AtLeuD3 with AtLeuD1 or AtLeuD2 did not show any additive effect on the glucosinolate levels ( Fig. 6 ).
Lethal phenotype of the homozygous atleud3 mutant
Two mutant alleles ( atleud3-1 , Salk_111666; and atleud3-2 , Salk_115589) were identifi ed to carry a T-DNA insertion inside the AtLeuD3 gene ( Supplementary Fig. S1 ). In contrast to the homozygous atleud1 mutant, no homozygous plants could be found for the T-DNA alleles in either of the atleud3 lines, suggesting that AtLeuD3 is an essential gene and an AtLeuD3 null mutant could lead to embryo and/or gamete lethality. This result is consistent with a recent report ( Knill et al. 2009 ). Based on the evidence that the number of mature seeds was substantially reduced and no homozygous AtLeuD3 mutants could be obtained, the authors concluded that AtLeuD3 is crucial for the development of mature viable seeds ( Knill et al. 2009 ). However, the precise mechanisms underlying the lethality were not known because the reduced seed number could be caused by a gametophyte defect. To explore this possibility, a genetic test was conducted. As shown in Table 1 , out of 192 offspring of self-crossed AtLeuD3/atleud3-1 plants, 109 were found to have the AtLeuD3/atleud3-1 genotype, indicating a close to 1 : 1 segregation. Likewise, out of 155 offspring of self-crossed AtLeuD3/atleud3-2 plants, 88 were found to have the AtLeuD3/atleud3-2 genotype, similar to the aberrant segregation observed for the leud3-1 allele ( Table 1 ). The segregation ratios of both leud3-1 and leud3-2 were not signifi cantly different from 1 : 1. A simple explanation for this segregation distortion is gametophytic defect. To test this possibility, transmission effi ciencies (TEs) of the two defective atleud3 alleles through each gamete were determined by performing reciprocal test crosses between heterozygous mutants and wild-type plants followed by analyzing the F 1 progeny. Both atleud3-1 and atleud3-2 alleles showed reduced female TE ( Table 1 ) and normal transmission through the male, indicating that the observed segregation distortion was caused by a defect specifi c to the female gametes. Since no homozygous atleud3 mutant could be obtained, this reduced transmission may also affect embryo development ( Supplementary Fig. S4 ). Taken together, AtLeuD3 is an essential gene whose loss of function compromises female gametogenesis and embryogenesis. Further investigation is needed to elucidate the link between AtLeuD3 -catalyzed leucine biosynthesis and gametophyte/ embryo development.
Discussion
In this study, we have provided several lines of evidence for the functions of Arabidopsis IPMIs. First, we showed that AtLeuC physically interacts with AtLeuDs and forms functional IPMIs ( Figs. 1-3 ) . Secondly, the expression patterns of AtLeuD1 and AtLeuD2 are similar, but distinct from that of AtLeuD3 ( Fig. 4 ) . This indicates functional redundancy of AtLeuD1 and AtLeuD2 and functional specifi cation of AtLeuD3 . Thirdly, reverse genetics and metabolite profi ling demonstrated that AtLeuD1 and AtLeuD2 function redundantly in glucosinolate biosynthesis, but AtLeuD3 is not likely to be involved in this pathway ( Figs. 5 , 6 ). Finally, the lethal phenotype of the atleud3 mutant suggests a predominant involvement of AtLeuD3 in leucine biosynthesis, which is important for female gametophyte and embryo development ( Table 1 ).
Function of AtLeuC in both leucine and glucosinolate biosynthesis
The presence of one gene encoding the large IPMI subunit and three genes encoding small subunits suggests a bacterial-type heterodimeric structure of Arabidopsis IPMIs ( Binder et al. 2007 , Knill et al. 2009 ), which is confi rmed in this study. In an ( Ebel et al. 2004 ). f The result is different from the test hypothesis with an α risk of P < 0.01.
atleuc knockdown mutant, 2-IPM and 2-(3 ′ -methylsulfi nyl)-propylmalate, the intermediates of leucine and glucosinolate biosynthesis, respectively, were accumulated. This is strong evidence for the function of AtLeuC in both pathways ( Knill et al. 2009 ). The involvement of AtLeuC in glucosinolate biosynthesis is also demonstrated by the fi nding that the glucosinolate composition was signifi cantly altered in the mutant ( Knill et al. 2009 , Sawada et al. 2009 ) and this alteration could be fully restored by the reintroduction of a functional copy of AtLeuC ( Supplementary Fig. S2 ). Interestingly, the glucosinolate phenotype in the atleuc mutant appeared to be identical to that in the ipmdh1 mutant, which is exemplifi ed by the increase in shorter chain glucosinolates and the reduction in long-chain glucosinolates ( He et al. 2009 ). In contrast, disruption of other genes in the chain elongation pathway, i.e. MAM1 , MAM3 , BCAT3 and BCAT4 , led to different changes in glucosinolate profi les ( Field et al. 2004 , Schuster et al. 2006 , Knill et al. 2007 , Textor et al. 2007 ). This suggests that IPMI and IPMDH genes function in a similar manner. The presence of short-chain glucosinolates and the unaffected leucine levels ( Supplementary Table S1 ) imply the existence of residual isomerization activity in the atleuc mutant. This could be simply explained by the fact that the mutant, atleuc , is a knockdown mutant ( Supplementary  Fig. S1 ), and the remaining decreased AtLeuC transcript may be suffi cient for sustaining leucine biosynthesis and the initial cycles of the methionine chain elongation ( Knill et al. 2009 ). However, the possibility of the existence of a bypass pathway for the reactions can not be excluded.
Function of AtLeuD1 and AtLeuD2 in glucosinolate biosynthesis
The specifi city of the IPMI large subunit toward the substrates in leucine biosynthesis and in methionine chain elongation of aliphatic glucosinolate biosynthesis was suggested to be determined by its partner, the IPMI small subunits ( Gruer et al. 1997 , Yasutake et al. 2004 . After demonstrating the IPMI activity in E. coli and the heterodimer formation between AtLeuC and AtLeuDs ( Figs. 1 , 2 ) , it can be reasonably hypothesized that the three small subunit AtLeuDs in Arabidopsis are specialized for either leucine biosynthesis or methionine chain elongation. Several lines of evidence showed that AtLeuD1 and AtLeuD2 are redundantly involved in glucosinolate biosynthesis. First, AtLeuD1 and AtLeuD2 were co-regulated with the known genes in aliphatic glucosinolate biosynthesis ( Hirai et al. 2007 , He et al. 2009 , Sawada et al. 2009 ). Secondly, AtLeuC and AtLeuDs were localized in chloroplast stroma, where methionine chain elongation reactions take place ( Binder et al. 2007 , He et al. 2009 , Knill et al. 2009 ( Fig. 3 ) . Thirdly, a single mutation of AtLeuD1 or disruption of AtLeuD2 did not cause any glucosinolate alterations. In contrast, simultaneous disruption of both led to large changes in glucosinolate profi les ( Figs. 5 , 6 ). Finally, AtLeuD1 and AtLeuD2 exhibited an overlapping tissuespecifi c expression pattern, which is distinct from that of AtLeuD3 ( Fig. 4 ) .
It should be noted that the glucosinolate composition in AtLeuD2 -RNAi/ atleud1 plants is very similar to what was observed in the atleuc mutant ( Fig. 6 , Supplementary Fig. S2 ). This indicates that the shift towards shorter chain C3 glucosinolates is a general phenomenon when the IPMI step is impaired. Genetic complementation studies showed that like AtLeuD3, AtLeuD1 and AtLeuD2 can form a functional enzyme with AtLeuC to rescue the growth of auxotropic E. coli leuC and leuD mutants. This result suggests that these genes might function in leucine biosynthesis. However, we did not observe any significant changes of leucine levels in plants when AtLeuD1 and AtLeuD2 functions were simultaneously disrupted ( Supplementary Table S1 ), suggesting that AtLeuD1 and AtLeuD2 may not be likely to be involved in leucine biosynthesis ( Knill et al. 2009 ) . Therefore, we propose that the functional heterodimers of AtLeuC/AtLeuD1 and AtLeuC/AtLeuD2 are primarily involved in glucosinolate biosynthesis in planta.
Important role of AtLeuD3 in female gametophyte and embryo development
Consistent with the result described by Knill et al. (2009) , no homozygous plants could be obtained for atleud3 mutants in this study. This indicates that AtLeuD3 is an essential gene in Arabidopsis, most probably due to its participation in leucine biosynthesis since it has been shown that mutants such as cyp79f1/cyp79f2 and myb28/myb29 that are devoid of aliphatic glucosinolates did not result in lethality in plant development ( Tantikanjana et al. 2004 , Beekwilder et al. 2008 . Compared with the wild type, the leucine levels did not change in the plants with decreased transcription of AtLeuD3 , suggesting that leucine levels are well buffered against disruptions and/or the residual transcript levels may be suffi cient for leucine biosynthesis. Genetic analysis and transmission effi ciency tests revealed that the development of female gametophytes was affected by AtLeuD3 mutation ( Table 1 ). In addition, an embryogenesis defect might also contribute to the lethality. The cellular and molecular bases underlying AtLeuD3 function in leucine biosynthesis and female gametophyte/embryo development deserve further investigation.
Materials and Methods
Plants and chemicals
Arabidopsis ecotype Columbia (Col-0) seeds and Salk mutant lines Salk_029510 ( atleuc ), Salk_048320 ( atleud1 ), Salk_111666 ( atleud3-1 ) and Salk_115899 ( atleud3-2 ) were obtained from the Arabidopsis Biological Resource Center (Ohio, USA). Seed germination and plant growth were conducted as previously described ( He et al. 2009 ).
Complementation of E. coli LeuC and LeuD mutants
AtLeuC cDNA without the N-terminal plastid-targeting peptide sequence was cloned into CDFDuet-1 vector (Novagen) using the primer pair LeuC-3L/LeuC-3R to create CDFDuet-AtLeuC ( Supplementary Table S2 ). The cDNA sequences of AtLeuD1 , AtLeuD2 and AtLeuD3 including N-terminal 6 × histidine tags were subcloned into CDFDuet-AtLeuC to construct CDFDuet-AtLeuC / AtLeuD1 , CDFDuet-AtLeuC / AtLeuD2 and CDFDuet-AtLeuC / AtLeuD3 using the primer pairs LeuD1-3L/3R, LeuD2-3L/3R and LeuD2-3L/3R, respectively. Escherichia coli strain CV522 (defi cient in LeuC ) and CV524 (defi cient in LeuD ) were used for complementation studies. The strains were able to grow on M9 minimal medium (containing 1 mM MgSO 4 , 0.1 mM CaCl 2 , 2 % glucose and 1 mM thiamine) when supplemented with 0.3 mM leucine. To ensure expression of T7 polymerase-driven constructs, the isopropyl-β -Dthiogalactopyranoside (IPTG)-inducible T7 polymerase gene was integrated into strains CV522 ( leuC222 /F + ) and CV524 ( leuD211 /F + ) by the λ DE3 lysogenization kit (Novagen) producing CV522 (DE3) and CV524 (DE3) ( Textor et al. 2007 ). The plasmids CDFDuet (empty vector), CDFDuet-AtLeuC , CDFDuet-AtLeuD1 , CDFDuet-AtLeuD2 , CDFDuet-AtLeuD3 , CDFDuet-AtLeuC / AtLeuD1 , CDFDuet-AtLeuC / AtLeuD2 and CDFDuet-AtLeuC / AtLeuD3 were chemically transformed into CV522 (DE3) and CV524 (DE3), respectively. For the complementation test, one colony containing each of the constructs grown on Luria-Bertani (LB) medium was transferred to liquid LB to grow, followed by centrifugation at 6,000 r.p.m. for 3 min. The bacterial pellet was suspended in M9 minimal media and diluted to OD 600 = 0.05. It was then spotted onto M9 minimal medium supplemented with 1 mM IPTG or 0.3 mM leucine and incubated at 37 ° C.
Chloroplast fractionation, co-immunoprecipitation and Western blotting
Chloroplast isolation and fractionation were conducted as previously described ( He et al. 2009 ). Total protein was extracted from the purifi ed stroma fraction using immunoprecipitation lysis/binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.5 % Triton, 0.5 % NP-40, 1 mM dithiothreitol (DTT), 10 % glycerol, 1 mM phenylmethyl sulfonyl fl uoride (PMSF) and 1 × protease inhibitor cocktail). The extract was centrifuged at 14,000 r.p.m. for 10 min at 4 ° C, and the protein concentration in the supernatant was determined using Bradford assay (Bio-Rad). A total of 2 mg of protein was incubated with 3 mg of polyclonal antiAtLeuD antibody for 3 h at 4 ° C, followed by precipitation with protein A/G-Sepharose beads for 2 h. Alternatively, aliquots of 50 µl of anti-Flag antibody-conjugated agarose beads (Sigma-Aldrich) were mixed with 1 mg of the total protein extracts for 3 h at 4 ° C. After washing the beads four times with lysis/binding buffer, the affi nity-bound proteins were eluted by boiling for 5 min in 2 × Laemmli SDS sample buffer before loading onto a 12 % SDS-polyacrylamide gel. Western blot was conducted as described ( Chen and Halkier 1999 ) . Proteins immunopre cipitated with anti-AtLeuD were probed with anti-FLAG antibody (1 : 10,000) and vice versa with antiAtLeuD antibody (1 : 2,000). The anti-AtLeuD antibody is a polyclonal antibody that was generated in rabbit using purifi ed recombinant AtLeuD1 protein by Cocalico Biologicals Inc. The antibody recognizes all three AtLeuD proteins ( Supplementary Fig. S3 ).
Promoter-GUS fusion and GUS assay
The AtLeuC promoter (from − 2,402 to − 46 bp) was amplifi ed from genomic DNA using primers LeuC-1L and LeuC-1R, and cloned into a pGEM-T vector (Promega). The promoter sequence was verifi ed by sequencing and subcloned into pCAMBIA1305 using Sal I and Nco I restriction sites. The construct was transformed into Arabidopsis through fl oral dipping ( Clough and Bent 1998 ) . Histochemical GUS assays were performed on T 2 transgenic plants as described ( Jefferson et al. 1987 ).
Genotyping, RT-PCR and RNA interference
Extraction of genomic DNA and RNA, genotyping and RT-PCR were performed as described ( He et al. 2009 ) using PCR primers listed in Supplementary Table S2 . For RNAi of AtLeuD2 , a fragment spanning nucleotides 6-244 of AtLeuD2 was PCR amplifi ed with the primer pairs LeuD2-L1/LeuD2-R1 (sense) and LeuD2-L2/LeuD2-R2 (antisense). The PCR products were ligated with the uidA fragment in both antisense and sense orientations ( Fig. 5 ). The resulting construct was then cloned into an overexpression vector pCAMBIA1305. Agrobacterium tumefaciens strain C58C1 was used to transform the construct into Arabidopsis plants. Transgenic plants were selected using 50 µg ml − 1 hygromycin.
Complementation of the Arabidopsis atleuc mutant
Flag-tagged AtLeuC was generated using PCR with primers LeuC-2L and LeuC-2R, with the 3 ′ end of the LeuC-2R primer containing the Flag sequence (DYKDDDDK). It was then cloned into the pGEM-T vector. After verifi cation of the sequence by sequencing, AtLeuC was subcloned into the pCAMBIA1305 vector to create 35S:: AtLeuC using Nco I and Pml I sites. To generate the native promoter:: AtLeuC construct, the 35S promoter sequence was replaced with the AtLeuC promoter sequence using Sal I and Nco I sites. These constructs were transformed into the homozygous atleuc mutant.
Glucosinolate and amino acid analysis
Seeds and 4-week-old rosette leaves were used for glucosinolate and free amino acid analysis. Glucosinolates were analyzed using HPLC-mass spectrometry ( Chen et al. 2003 , Alvarez et al. 2008 . Free amino acids were extracted using a methanol and chloroform method ( Colebatch et al. 2004 , Schauer et al. 2005 and profi led using an HPLC-based pre-column derivatization protocol ( Sherwood 2001 ) .
Supplementary data
Supplementary data are available at PCP online. 
